Multielement high entropy alloy (HEA) nitride (TiHfZrNbVTa)N coatings were deposited by vacuum arc and their structural and mechanical stability after implantation of high doses of N + ions, 10 18 cm
Introduction
Ion implantation is among the main methods of surface modification of solids in order to improve their physical-mechanical properties, such as friction, wear, corrosion, adhesion, fatigue strength, biocompatibility etc. [1, 2] . It is widely used for semiconductor doping in micro-and nanoelectronics, medicine [3, 4] , space, chemical and aviation industries [5] [6] [7] [8] [9] . The main advantages of ion implantation are preservation of sample sizes, locality (small projective path), high reproducibility, absence of problems with adhesion etc. [7] [8] [9] [10] [11] [12] [13] [14] [15] . In order to improve the properties of metals, alloys and ceramics, it is necessary to use high doses of ion implantation, from typically 5Á10 16 up to 5x10 17 cm À2 [16] .
However, in separate cases it is necessary to use an extra high dose of implantation (1-2)Á10 18 cm
À2
, which corresponds to the amount of atoms (1-5)Á10 23 cm À3 in implanted volume.
A new class of materials -high-entropy alloys (HEA), which consist of at least 5 atoms with atomic content from 5 to 35 at% -are under great interest nowadays due to their exceptional wealth of physical-mechanical characteristics [8] [9] [10] [11] 13, 12, [16] [17] [18] [19] [20] [21] [22] . Several works have been performed so far to obtain a comprehensive understanding of the effect of constitutive elements on the microstructure, phase composition and mechanical properties of HEA [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Nitride coatings from HEA have received particular attention because of improved physical and mechanical characteristics. Most of HEA nitrides consist of 5, 6 or 7 elements, but they can incorporate up to 19 elements [38] [39] [40] [41] [42] [43] [44] [45] ). The aim of the present work is to explore the microstructure, physical-mechanical properties of nanostructured multielement HEA nitride coatings, implanted by high doses (up to 10 18 cm À2 )
of N + ions.
Methods

Experimental procedures
HEA nitride coatings, containing 6 transition metal elements, were produced by cathodic arc evaporation in reactive atmosphere in a Bulat-3T-M device [56] . The employed cathodes consisted of HEA of the Ti-Zr-Hf-V-Nb-Ta system and were produced by vacuum-arc melting in the atmosphere of high purity argon using a nonconsumable electrode into a water-cooled copper vessel. To fabricate a homogeneous composition of the alloy, the ingots were 6-7 times remelted. Coatings were deposited under different working pressures and bias voltages. Deposition parameters and elemental composition of the cathode and nitride coatings are presented in Table 1 , where U b is the bias voltage applied to the substrate and P N is the nitrogen pressure in the deposition chamber. Steel samples (A 570 Grade 36, the size was 20 Â 20 Â 2 mm) with polished surfaces were used as substrates.
Ion . The elemental composition of the as-deposited and implanted coatings was determined using different chemical analysis methods. We used microanalysis with energy-dispersive spectroscopy (EDS) unit attached to a JEOL-7000F (Japan) scanning electron microscope. Rutherford backscattering spectroscopy (RBS) was used for investigation of the distribution of elements near the surface. Energy of proton beam was 1.5 MeV, energy resolution of the detector was 16 keV. SIMS analysis of the coatings was performed Table 1 ).
on SAJW 05 device, which was equipped with electron bombardment argon ion gun (Physical Electronics) and quadrupole mass analyzer QMA 410 Balzers. Prior to the depth profile analysis, mass spectra were recorded in order to choose certain masses for each analysis. Primary beam scanned the area 2.0 Â 2.0 mm, while secondary ions were collected only from the central part of the crater, which area was around 15% of the total crater's bottom. The diameter of the 5 keV Ar + ion beam was around 0.15 mm and incidence angle was 45 degrees. All the obtained results were normalized taking into account RBS data, the depth resolution was about 1 nm. The crystal structure and phase composition were determined from X-ray diffraction (XRD) performed on a DRON-4 diffractometer operating at 40 kV and 30 mA, using CuKa radiation (k = 0.154178 nm) and graphite monochromator as secondary optics. XRD patterns for phase analysis were taken using h-2h scans with Bragg-Brentano geometry, in the angular range 25-90°, with step D(2h) = 0.02 [57] . XRD stress analysis was carried out on Sample 1, using the sin 2 W method [58] . Stress measurements were performed on a four circle Seifert XRD diffractometer, operating at 30 mA and 30 kV, using point focus geometry with Cu X-ray source, a 1.0 mm diameter collimator, a Ni filter to absorb the Cu Kb wavelength and a scintillation detector [59]. Measurements were taken by recording 2h scans around the cubic {2 2 0} reflection at different specimen tilt angles W ranging from 0 to 88°.
Complementary investigations of structure and phase composition were done using electron microscope JEOL JEM-2100F, energy of electrons was 200 keV. Thin lamellaes were preliminary prepared using focused ion beam.
Microhardness and elasticity modulus were determined from dynamic nanoindentation of the Berkovich pyramid (Triboindentor TI-950, HYSITRON Inc.). Load on the indenter varied from 500 to 10,000 lN. The values of reduced elastic modulus were obtained using 3-D imaging of the stamp and estimated penetration depth.
Theoretical methods
First-principles band-structure calculations were carried out using the Quantum-ESPRESSO code [60] for 8-atom cubic supercells of Ti 4-n Nb n N 4 , Ti 4-n Zr n N 4 and Zr 4-n Nb n N 4 , n = 0,1,2,3,4, representing Ti 1-x Nb x N, Ti 1-x Zr x N and Zr 1-x Nb x N alloys, respectively, with the B1 structure (space group Fm-3m, No. 225). Vanderbilt ultra-soft pseudo-potentials were used to describe the electron-ion interaction [61] . The semi-core states were treated as valence states. To describe exchange-correlation energy, the generalized gradient approximation (GGA) of Perdew et al. [62] was employed. The criterion of convergence for the total energy was 10 À6 Ry/formula unit. To speed up convergence, each eigenvalue was convoluted with a Gaussian with a width of 0.02 Ry. The cut-off energy for the plane-wave basis was set to 38 Ry. The integration in the Brillouin zone (BZ) was done on special kpoints determined according to the Monkhorst-Pack scheme using a non-shifted mesh (8 8 8). All initial structures were optimized by simultaneously relaxing the supercell basis vectors and the atomic positions inside the supercell using the Broyden-Fletcher-Gold farb-Shanno (BFGS) algorithm [63] . The relaxation of the atomic coordinates and of the supercell was considered to be complete when atomic forces were less than 1.0 mRy/Bohr (25.7 meV/Å), stresses were smaller than 0.05 GPa, and the total energy during the structural optimization iterative process was changing by less than 0.1 mRy (1.36 meV). To estimate the formation energies of the nitrides under consideration, the total energies of the Ti, Zr and Nb crystal as well as the N 2 gas molecule were calculated.
Results and discussion
Structural and chemical investigation
It can be seen from Table 1 , that increasing of P N from 3 Â 10
À4
to 3 Â 10 À3 Torr led to increasing of nitrogen concentration in the coating, while the content of metallic elements, such as Ti, Nb, V decreased. Changes of pressure in the deposition chamber also led to changes in concentrations of elements in the coatings, they differed from the cathode composition. Fig. 1 displays XRD patterns of the as-deposited coatings under different P N pressures in the deposition chamber. It can be seen that the main phase formed consists in a fcc crystal lattice, which is commonly reported for such HEA nitrides. Using Scherrer formula, the mean size of crystallites of fcc-phase in the coatings was estimated to be 8 nm at low P N . The preferred orientation of crystallites growth with the plane (2 0 0), parallel to the surface, was formed at low P N . These coatings demonstrated high hardness up to 38 ± 0.7 GPa in according to hardness measurements using Vickers method. The XRD pattern from sample 1 (Fig. 1) can reflect the presence of stress gradients along the film depth or a more complex stress state due to the presence of neighboring interacting crystallites with hexagonal structure (see TEM analysis in Figs. 7 and 8 ). The stress analysis was performed assuming a macroscopically (elastically) isotropic specimen, subjected to a rotationally symmetric in-plane biaxial stress state, r 1 = r 2 = r. In the present analysis, the XECs were calculated for the {2 2 0} reflection assuming a Reuss model (i.e. equal stress state for all crystallites; see Appendix A of [58] for the detailed expressions). As no elastic data have been reported for such multielement HEA nitride compound, the C ij values were rather extrapolated from a rule of mixture based on the available C ij data of the literature for binary compounds [59, 64] . The following values were employed: C 11 = 594 GPa, C 12 = 132 GPa, and C 44 = 112 GPa. This yields r = À5.1 ± 0.2 GPa and a 0 = 4.428 ± 0.003 Å. The relative large compressive stress level is typical for nitride coating deposited by vacuum arc [56] .
Results of RBS analysis of as-deposited and implanted coatings (Sample 5) are presented on Fig. 3a and b . A sharp ''ledge" is observed between Ti, Zr, V, Nb from the one side and Ta, Hf elements from the other side in the Fig. 3a . Stoichiometry had changed throughout the whole depth of the analysis for implanted coatings. A fit of the RBS spectra using SIMNRA yields a value of (TiVZrNb) 0.39 /(TaHf) 0.17 ratio in the as-deposited coatings and (TiVZrNb) 0.41 /(TaHf) 0.13 after ion implantation. Moreover, we can see a bluring of the ''ledge" on the RBS spectrum in the channel range (400 Ä 440) in Fig. 3a in comparison with the channel range (390 Ä 425) in Fig. 3b due to the processes of atomic collisions, formation of collision cascades, ion mixing and accelerated radiation diffusion. We should point, that for calculation of the projective path of the N + ions we used standard software [65] [66] [67] , but it was very hard to calculate profiles of N + ions due to quite high roughness of the coating's surfaces after vacuum-arc deposition. Nevertheless, we could conclude that the elemental concentration was homogeneous along the thickness of the as-deposited coating. Ion implantation led to partial sputtering of the surface layer, concentration of N + ions increased up to 90 at%. Taking into account the results of SIMS analysis, presented below in Fig. 4 , we can state, that N + concentration reached 90 at%, the remaining part of N + ions was engaged in the process of volatilization of the near-surface layer.
The results of SIMS analysis of the Sample 3 are presented in Fig. 4 . The analysis shows the entire thickness of the coating from the top to the substrate, total thickness of the coating is around 6.3 lm, as seen from the Fig. 4a . In order to extract nitrogen depth profiles, additional analyses were performed. We detected positive ion currents of selected masses: 14 Au and 28 Au, corresponding to N and N 2 positive and negative secondary ions. Since nitrogen was implanted into a host nitride structure, we subtracted secondary ion plots of not implanted structure from the plots of the implanted structure. Such a procedure allows estimating the amount of the implanted nitrogen, see Fig. 4b . Obtained results show, that the mean implantation range ($50 nm) is lower than that the value of 68-72 nm calculated from the projective path of N + ions with energy 60 keV. The closest result is for negative secondary ions N 2 (50 nm mean implantation range). The reason of this discrepancy can be due to assumption, that sputtering rate is constant across the whole structure. If we consider that the sputtering rate within the implantation range is higher than across the whole structure, we would get better correlation to the expected values of mean implantation ranges.
Influence of ion implantation on phase stability
A convenient way to illustrate the elemental composition of multielement HEA nitrides is to get use of the Gibbs-Rosenbaum triangle representation, for different combination of constitutive elements of ternary sub-systems, as shown in Fig. 5 for the case of Sample 2. The vertices of an equilateral triangle correspond to the 100% content of each element in the system. The method of defining the composition was suggested by Gibbs, and it is based on the fact, that the sum of perpendiculars from any point within an equilateral triangle on each side is equal to the height of the triangle. Rosenbaum suggested using the three segments of straight lines parallel to the sides of the triangle and extending from this point to the intersection with each of the sides of the triangle. The sum of three line segments for each point within an equilateral triangle is equal to the length of its sides. For total composition of the system we marked the percentage of each component in the way, when each peak of the triangle corresponds to 100% content of the appropriate component. From the Fig. 5 we can see that percentage content of the Nb-N, Ti-N and Hf-N systems is noticeably higher than of the V-N and Zr-N, thus it leads to forming of solid solution with high content of NbN and HfN. Forming of stable solid solution confirms the effect of influence of high entropy of mixing on forming of the crystal lattice.
The Gibbs free energy of mixing of the alloys under investigation, calculated at T = 0 K (i.e., formation energy), is presented in the Fig. 6 as a function of composition x. The positive formation energy implies that the Ti 1-x Zr x N alloys are not stable, and will decompose into TiN and ZrN with the chemical driving force (E mix ). However, all alloys can be stabilized in some range of composition, depending on temperature, since the configurational entropy is always positive and promotes a decrease in Gibbs free energy.
Since the values of E mix for Ti 1-x Nb x N and Zr 1-x Nb x N are very small and some of them are negative, these alloys can be stabilized as solid solutions at moderate temperatures. These findings confirm the possibility of the formation of fcc solid solutions based on TiN, ZrN and NbN in thin films. Since in our films we observed only solid solutions based on these nitrides, one can suppose that the presence of NbN in the films precludes the separation of TiN and ZrN from the Ti 1-x Zr x N alloys.
After ion implantation, modification of the coating microstructure is essentially concentrated in the sub-surface layer (100 nm thick), as evidenced from TEM (Fig. 7a) . A schematic illustration of the depth-dependent coating microstructure after ion implantation is provided in Fig. 7b . As we can see from TEM investigations on sample 5 (Fig. 7c) , an amorphous layer with thickness of $40 nm is formed. A nanocrystalline layer with nanocrystals of the size 5-6 nm is located under this amorphous layer. Phase analysis of this layer showed the presence of fcc phase, based on solid solution, in which Ti, Hf, Zr, V, Nb, Ta were randomly distributed in sub-lattice. A higher magnification of the nanocrystalline layer is shown in Fig. 8 , where nanograins with typical size of 5-6 nm are clearly distinguishable (Fig. 8a) . Lattice planes are clearly resolved and their boundaries are marked with white lines. The interplanar spacings, extracted from SAED patterns of Fig. 7d , are equal to 0.235 nm and 0.158 nm, and correspond to (2 0 0) and (2 2 0) planes of fcc structure. In addition, we can see increasing of the interplanar spacing to 0.255-0.259 nm À(1 1 1) plane and 0.226 nm (plane (2 0 0)) far from the surface of the nanostructured coating (not shown here). Such values are close to the values determined from XRD data. Reflections with 0.275-0.278 nm interplanar spacing can be seen at the depth of 180 nm (Fig. 8c) . It is known, that fcc and hcp lattices are quite similar in their internal energy with small enough energy barrier for transformation. Interplanar spacing of 0.275-0.278 corresponds to (1 0 0) plane for nitrides of transition metals with hcp lattice. Therefore, it can be assumed, that in local regions of the coating lattice transformation from fcc to hcp can occur by a shear mechanism due to composition inhomogeneity associated with relatively low nitrogen content (low working pressure during deposition). The driving force of this process is the great thermodynamic stability of the hcp lattice with a deficiency of nitrogen atoms in the octahedral interstices.
Influence of ion implantation on mechanical properties
Results of nanoindentation measurements of hardness and reduced elastic modulus of the Sample 5 before and after ion implantation are presented in Fig. 9a and b respectively. It is possible to estimate the indenter penetration depth from the traces of the indenter on the inserts. Hardness and reduced elastic modulus of the as-deposited sample sharply increased near the surface at the depth up to 18 nm, but the H/E ratio remained less or equal to 0.1 for this depth, thus the coating can be considered as fragile. The values of hardness and reduced elastic modulus slowly decreased with the penetration depth increasing, and finally were set to the values 26.5 GPa and 247 GPa accordingly. For this area the H/E ratio became greater or equal to 0.1. However, indentation of the implanted sample showed, that values of hardness and reduced elastic modulus increased smoothly with the penetration depth increasing and reached their maximum values 24 GPa and 260 GPa accordingly at the maximum penetration depth of 100 nm. H/E ratio remained around 0.1, which indicates a good plasticity of the implanted coating. Such dependencies of hardness and reduced elastic modulus can be explained by the fact, that amorphous layer was formed in the near-the-surface region after implantation of high doses of N+ ions, see Fig. 7b . Hardness of the amorphous layer is lower than of crystalline layer. Scratchtests results (not reported here) of the investigated coatings before and after implantation had also demonstrated decreasing of the friction coefficient in implanted zone.
Conclusions
Implantation of very high doses of N + ions (10 18 cm
À2
) with 60 keV energy into (TiHfZrNbVTa)N coatings deposited by vacuum arc result in an modification of the microstructure up to 100 nm depth. The deposited coatings exhibit a main fcc structure. The implanted region consists of an amorphous near-surface layer (40 nm in depth) and a nanocrystalline layer (50-100 nm in depth). Hardness decreased to 12 GPa in the near-the-surface layers and increased with penetration depth to its maximum values 24 GPa. Increasing of the pressure in the deposition chamber up to 3 Â 10 À3 Torr led to significant increasing of nitrogen concentration (8 at%) in the coating, as well as to decreasing of the content of Ti, V, Nb metals. Changes in pressure led to appearing of preferred orientation of the plane (1 1 1) , parallel to the plane of growth, and to forming of hcp lattice locally. Plasticity index H/E increased and exceed the value of 0.1, thus we can state, that fabricated coatings have good wear resistance, as it was confirmed by preliminary scratch-tests. 
